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Over the last decade or so, extensive research has taken place in the field of microalgae for the 
production of biomass, bio fuels and waste water treatment. With the evolution and versatility 
in biotechnology, microalgal biomasses have been treated industrially for food, 
pharmaceutical, nutraceutical and animal feed besides other high-value bio products beneficial 
for mankind. 
Microalgae can be cultivated in open systems such as open raceway ponds or closed systems 
such as photobioreactors (PBR). The conditions for growth in the PBRs are tightly controlled 
for maximum algal biomass production; however, it comes with associated cost. Although, it 
is far less costly for growing microalgae outdoor open ponds, the conditions are uncontrolled 
and hence growth remains compromised due to environmental factors. There are several 
variables responsible for the growth of microalgae both indoor and outdoor. This thesis 
documents the strategy for controlling one of the important parameters of growth, i.e., the 
temperature of an outdoor pond around an optimal temperature range. Different sensors were 
used in the system to measure the parameters of the same culture in two different ponds, 
however, only temperature was manipulated in one of the ponds and its growth was compared 
with the other pond where all the variables were left unaltered. 
A Proportional Integral controller was implemented for the purpose of controlling the 
temperature at the required hours of the day. Several tests were conducted to check the 
performance of the controller before the controller was deployed. A user interactive LabVIEW 
application was developed keeping in view the requirements of the user, which also included 
data storage functionality. 
As a result of the experiment, it was observed in the various harvests of the culture that there 
is an increase in the biomass and productivity of the heated pond. The results were statistically 
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CHAPTER 1  
INTRODUCTION 
Most of the living marine creatures are microscopic organisms, microalgae being one of them. 
Microalgae have their presence in terrestrial as well as in aquatic environments [1]. They are 
microscopic single-celled photosynthetic organisms that consume carbon dioxide, water and 
appropriate nutrients to produce sugars by means of light energy [2]. Large cultures of micro-
algae are a useful source of hydrocarbons, proteins and various organic substances [3]. These 
microorganisms are ideal for producing biofuels and a wide range of chemicals, including 
Polyunsaturated fatty acids, carotenoids, and antioxidants because of their high oil content and 
rapid biomass production [4] [5] [6]. The process of producing these valuable products is 
shown in Figure 1: 
 
Figure 1: Microalgae inputs and outputs  
Microalgae cultivation is the fastest growing industry owing to the benefits it delivers to 
mankind. Commercially produced algal biomass is found in health food, in the forms of tablets 
and capsules and also noodles, wine, beverages, breakfast cereals and cosmetics [7]. In order 
to achieve optimal growth of various microalgae species, appropriate environmental conditions 
such as temperature, light and carbon dioxide as well as nutrients are mandatory [6]. 
Microalgae are commercially grown in ponds, tanks, and fermenters [8]. The main challenges 
facing this industry is the requirement for closed culture systems which are very expensive [8]. 
One of the crucial requirements for outdoor production is suitable temperature [9]. The project 
in subject mainly focuses on the research of the effect of this important factor contributing to 
the growth of microalgae.  
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1.1 Facility overview 
The project was carried out at Murdoch University Algae R&D Centre. There are several multi-
disciplinary studies relating different microalgae cultures growth and their applications going 
on in the lab. The facility provides paddle-wheel driven open raceway ponds. The main purpose 
of this facility was to exploit technology for maximizing algal productivity which finds 
numerous applications for mankind, including the ones mentioned above [10]. 
1.2 Project background 
This project was initiated by a previous student [11] and a considerable amount of work was 
carried out recently. Until now, different aspects of microalgae growth based on the available 
literature reviews have been studied and key variables are incorporated for manipulating 
conditions optimal for maximum productivity. The critical parameters contributing to the 
cultivation of microalgae are turbidity, dissolved oxygen, pH, conductivity, temperature, light 
intensity and dissolved carbon dioxide [11]. Physical sensors were used to measure these 
variables and pH control was developed by injecting carbon dioxide through a valve and stone 
diffuser.  
A National Instrument Data Acquisition (NI DAQ) card and Arduino devices were used to 
measure, control, monitor different devices and sensors. Measurements were recorded in the 
LabView application developed for this purpose. The application contains the main program, 
data logging, and probes settings. Experiments were conducted indoor in the facility, where the 
sensors were wired to the respective breakouts, which in turn were wired to the respective data 
acquisition device. 
A fuzzy logic controller was designed for the purpose of controlling pH in LabVIEW by 
manipulating diffusion of carbon dioxide through a valve and stone diffuser. 
1.3 Project objectives 
The project aims at the following goals: 
1) Furthering the work done by the previous thesis student [11] and modifying the 
hardware including the data acquisition method and relevant sensors that are compatible 
with the target data acquisition device. 
2) Designing and implementing a wireless data acquisition system so that sensors can be 
placed in the outdoor open raceway ponds and data collected inside the control room. 
3) Designing a temperature control application to maintain optimum temperature (250C) 
in the experiment ponds while still measuring other critical variables described above.  
4) Studying of various advanced control schemes to achieve maximum growth of 
microalgae with optimum conditions. 
5) Studying latest literature produced thus far to check for other potential factors and 
contributors for optimum growth of the culture. 
The overall aim of the project was to be able to monitor the growth of a certain microalgae 
species in an outdoor pond and study the effect of varying temperature on culture growth 
without modifying the other parameters such as pH, conductivity and carbon dioxide. It is 
mentioned in [9] that optimal temperature range for growth depends upon the type of species 
being cultured. For example, maximum growth for mesophilic species occur at temperatures 
between 200 and 250C; however, it can increase up to 400C for thermophilic strains. The 
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temperature for this project will be maintained between 150C and 300C and observed for growth 
of the specific culture. 
1.4 Approach 
The methodology followed in this project was mainly based on research in the field of 
microalgae optimal growth and then designing a new system based on the available software 
and embedded systems resources. The approach of the project can be summarized as below:  
1.4.1 Research 
The project itself was based on ongoing research in the field of biotechnology, therefore, before 
starting with the new proposed design for the project, an extensive research was carried out. 
The research included studying the final corrected document by the previous thesis student, 
past and current literature to look for any updates made so far in this field. The purpose was to 
get a clear picture of what exactly needed to be done in order to achieve the project objectives, 
which was primarily the enhancement of productivity in an optimal way. 
1.4.2 Test run of the previous arrangement 
The milestones achieved in the previous phase of the project were tested again with the same 
program developed during that phase to make sure the equipment and program are up to date 
and functioning. The purpose was to streamline the tasks for the new equipment required for 
this phase of the project and modification/addition of the application where required. The main 
goal of this step was to get the measurements from the sensors immersed in the culture and 
ensuring these readings are realistic and comparable to the actual physical condition of the 
culture. 
1.4.3 Design of data acquisition and storage system 
Data acquisition system was an important technical section of the project and deserved the 
most attention. This is because all the measurements from the sensors must correspond to the 
actual conditions of the culture. During the previous phase of the project, measurements from 
various sensors were acquired using the Arduino Leonardo board and an NIDAQ card and a 
LabVIEW application stored these measurements at a specified file location. The data logging 
part in the current phase remained unchanged for the most part and a slight modification was 
done to acquire and store measurements for two separate ponds. The data logging of the 
application itself was divided into two parts. The first part stored the data as a backup and 
provided no user interface with which to interact. The second data logging system allowed user 
interactivity and the operator could start or stop the data logging without aborting the main 
application. 
When the system was tested successfully at indoor conditions, the Arduino Leonardo board 
was replaced by another advanced board of the same Arduino family, called the Ameba 
RTL8195. It used the same programming environment and contained all the capabilities of the 
Leonardo board in addition to an on-board Wi-Fi chip to enable the end user to monitor and 
control the outdoor ponds while the application is running indoor. It is explained further in the 
document in chapter 3, explaining system design. 
1.4.6 System design for the new requirement  
The LabVIEW application developed during the previous phase of the project was tested again. 
The application acquired data from sensors and recorded the measurements. Also, for the 
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control part, the program was designed to control the pH of the culture using a fuzzy logic 
controller within a certain range by using a valve to inject carbon dioxide as a manipulated 
variable.  
In the project, it was required to control the temperature of the culture instead of pH to observe 
the growth of the specific species of microalgae. Also, instead of the fuzzy logic controller, a 
PI controller to control the temperature of the culture was the primary requirement from the 
control point of view. The setup of the system used previously [11] was modified in order to 
be able to place it outdoors and withstand the environment. The new system was designed 
keeping in view the requirements, price, reliability, and scalability. The previously used 
NIDAQ card was replaced as it was no longer feasible for the ultimate goal of measurements 
and control in an outdoor environment. Also, a separate power source (9-30V) and data 
connection were required for the NI DAQ used for the only purpose of measuring temperature. 
It was replaced by an RTL8195 board that incorporated all of the sensors used in the project, 
thus, reducing capital and operating costs. Details of this new module are presented in the next 
chapters. This scheme not only simplified the existing setup but can also be upgraded later to 
the target of measuring and controlling all the other parameters of the outdoor culture.  
Two ponds, pond 1 and pond 2, each of 9L were used as part of the experiments in the project. 
Under the new setup, the temperature in pond 1 was controlled to a certain degree during the 
early hours of morning before sunrise, while other parameters (dissolved oxygen, conductivity, 
pH and turbidity) were left uncontrolled and monitored. In pond 2, all the parameters were 
monitored without manipulating. Lastly, the biomass of the culture samples from these two 




CHAPTER 2  
LITERATURE REVIEW 
Microalgae cultivation on the industrial scale has predominantly been carried out for 
pharmaceuticals and human nutritional requirements [16]. Microalgae has also found 
applications in ecofriendly biofuels, especially for bio diesel production. It is an alternative to 
fossil fuels on which modern civilization has depended [17]. There are a number of different 
species of microalgae and currently more than forty of these have been studied for various 
purposes such as environmental protection and biomass production content analysis [18]. 
Optimal growth of this species is vital for future generations and to achieve this milestone, the 
factors that contribute to the growth of microalgae must be taken into consideration when 
designing and implementing the technology for real time monitoring and control of microalgae. 
2.1 Growth parameters 
Before indulging into various studies and research into the factors affecting microalgae growth, 
it is important to firstly outline the parameters that indicate the growth of the culture. These 
parameters are summarized as follows [19]: 
2.1.1 Cell Count 
Microalgae cell count is useful to determine the growth for the particular species and it refers 
to the number of cells in a millilitre (mL) of liquid or in a gram (g) of solid material [20]. 
Regular cell counting helps to devise criteria for quick identification of possible troubles (e.g.; 
presence of foam, sedimentation pattern, changes in colour, etc.). Some methods used for cell 
counting are Spectrophotometry, Hemocytometry, Solid Phase Cytometry (SPC), Flow 
cytometry etc [21].  
2.1.2 Dry and wet mass 
Algal cell density can be quantified as grams of dry or wet weight per litre of sample [22]. Dry 
weight is measured by taking ash free dry weight. The process consists of cell separation, 
washing and drying. Cells are separated from the culture using a pre-weighed membrane filter. 
The filtered cells are then washed with distilled water. After washing, the cells are dried at 
temperatures ranging from 600 to 10000C. Temperature as low as possible is used for drying 
so as the volatile components remain intact [19].  
Wet mass weight is done by taking a sample from the culture and weighing while they are wet. 
The procedure for weighing wet mass is simple and faster although is less accurate than the dry 
weight [19] [22]. 
2.1.3 Protein concentration 
Protein contributes to a large fraction of the weight of microalgae. There are many available 
methods for the measurement of protein concentration in a microalgae sample, however, they 
are costly and require specialized instruments. Three phase partitioning technique is by far the 
most popular due to its simplicity and scalability. In this method, 20 mL of biomass is mixed 
with 8g of ammonium sulphate and 20 mL t-butanol in 100mL glass breaker. The mixture is 
stirred for 20 min at nearly 2800C. Three distinct phases are observed and separated carefully 
using a Pasteur pipette. The middle phase, contains concentrated proteins. Salt is removed from 
protein concentrate using a dialysis membrane in distilled water. Dialysed protein is then 
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precipitated followed by centrifugation at 8000×g for 10 min to remove water. It is then dried 
at 50 °C for 12 h and used for analysis [23]. 
2.1.4 Chlorophyll determination 
Chlorophyll is the green pigment found in microalgae and is responsible for photosynthesis, a 
process to convert light energy into chemical energy [24]. The process mainly consists of 
sample preparation and extraction. There are several methods for chlorophyll extraction such 
as Organic Solvent Extraction and Supercritical Fluid Extraction (SFE) to name a few. The 
description of these methods is beyond the scope of this project. 
2.1.5 Total organic carbon (TOC) 
Excessive burning of fossil fuels emitting CO2 as a result is damaging the environment. 
Microalgae consume CO2 and convert it into biomass using photo bioreactors [11]. Total 
organic carbon (TOC) is measured using a TOC analyser [26]. The description of this method 
is beyond the scope of this project. 
2.2 Factors affecting microalgae cultivation 
Various critical factors affecting micro algae growth have been studied in the past and  a 
review of these studies is outlined below. 
2.2.1 Nutrients 
Concentration of cells in a culture are generally higher than in nature. Therefore, cultures have 
to be nutritionally enriched for optimal growth [31]. Large scale production of bio fuels from 
microalgae require appropriate quantities of nutrients such as fertilizers and wastewater in 
addition to CO2. Nitrate, phosphate and silicate in proper ratio are the most important nutrients 
[31]. During the growth of microalgae, 99% of nutrient uptake is nitrogen [32]. 
One of the benefits of microalgae is the absorption of CO2 as a nutrient by the former, thus 
facilitating the reduction of greenhouse gases which are now considered as a global problem. 
The effect of increased CO2 injection varies from species to species and generally an increased 
growth is observed for higher amounts of CO2. For example, for Zygnema species, almost 1.9-
3.8 times more growth was observed in a CO2 enriched medium than in a CO2 deficient 
medium. Similarly, for another species, e.g., Scenedesmus,  with the increased CO2 
concentration, the biomass also increased. The species C. vulgaris ARC1 was experimentally 
optimized for 6% CO2 concentration for maximum biomass [33]. The chlorophyll content and 
dry weight of C. vulgaris at 6% CO2 level were found to be 60 and 20 times more than the 
same at ambient CO2 [34].  
2.2.2 Light 
Light conditions affect directly on the growth of microalgae as the process of photosynthesis 
requires light and dark for its reactions to take place. The process of photosynthesis can be 
represented by a basic chemical equation as below: 
6CO2 + 6H2O + photons C6H12O6 +6O2 
The positive heat of reaction means that energy is required for the reaction to proceed. This 
energy is provided by incident radiation [35]. 
Duration and intensity of light are key factors as microalgae require a certain amount of 
light/dark conditions for optimal growth. Light is required for a petrochemical phase to produce 
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Adenosine triphosphate, whereas dark is required for the biochemical phase to synthesize 
essential molecules for growth [27]. Studies based on experimental investigations have 
revealed that appropriate light intensity, duration and wavelength are required for maximum 
production of saturated fatty acids and insufficient light lead to growth limiting and inhibition 
[28]. With the development of new PBRs a higher multiplication of the growth could be 
reached under controlled conditions such as: temperature, CO2/O2 concentrations and light 
intensity [29]. 
Studies for cell growth of Chlorella Vulgaris have shown that without pH control and an initial 
value of culture at 7.0, cells under 3960 lux grew faster (up to 14.62263*106 cells/mL). It was 
an increase of 23% and 45.4% than under 7920 and 11920 lux respectively. However, with pH 
control at 7.0, the cell density under 3960 lux was less than that under 7920 lux in the early 
stage of the culture but later caught up. Therefore, the effect of light is highly dependent on 
whether the pH in the culture is controlled or otherwise [30]. 
The relationship between light intensity and photosynthesis is described by the Pl diagram 
where P and l indicate photosynthesis and light respectively. As shown in the Figure 2 below, 
there are 3 distinct light intensity regions as limited, saturated and inhibited.  
 
Figure 2: PI relationship showing the three distinct light regimes of microalgae light response [36] 
The figure above shows the rate of photosynthesis is directly proportional at low intensities of 
light. When light intensity reaches a saturation threshold (Ik), the culture is ‘light-saturated’ 
because their photosynthetic rate is now limited by the rate of the reactions following the 
capture of photons. The rate of photosynthesis reaches maximum at this level. If light intensity 
further increases beyond an inhibitory threshold (Iinhibit), the rate of photosynthesis starts to 
decrease with light intensity due to the deactivation of key proteins in the photosynthetic units 
[36]. 
2.2.3 pH 
Experimental investigations have been conducted with a wide range of pH levels (5, 6, 7, 8, 9, 
and 10) for Nannochloropsis Salina microalgae. The highest growth rates and minimum 
invading organisms for N. Salina occurred between pH 8 and 9 [37]. Two marine microalgal 
species, the diatom Phaeodactylum tricornutum and the prasinophyte Dunaliella tertiolecta, 
could not tolerate pH values much above 9.5 which is consistent with the previous finding and 
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they yield maximum steady state biomass for pH between 8.0-8.2 [23]. pH also affects the 
distribution of carbon dioxide which is a vital nutrient as discussed before. Extreme pH levels 
potentially cause direct physiological effects [39]. 
In the case of a high-density microalgae culture, pH is increased by the addition of carbon 
dioxide which may reach to a value of 9 [31]. 
The quantitative difference between acidic and alkaline substances can be determined by 
measuring pH values. pH could be measured continuously process using a pH probe. The 
measuring system consists of a pH electrode assembly, a cable and a transmitter [41]. 
 
The potential of the pH electrode is also affected by temperature, as increased temperature 
increases H+ activity resulting in pH increase. Therefore, temperature compensation is required 
when measuring pH [41]. 
 
2.2.4 Dissolved Oxygen 
Dissolved oxygen (DO) is the presence of free O2 molecules within water [42]. It enters through 
air or produced during photosynthesis by microalgae [25] [27]. Excessive DO must be removed 
to prevent adverse effects on the growth due to photorespiration and photo inhibition [40]. For 
optimal growth, the ratio O2/CO2 must be maintained. Therefore, when oxygen is accumulating 
during photosynthesis process, CO2 must be pumped in to keep the ratio at the desired level 
[40]. To test the effect of increased oxygen concentrations in sea ice algal communities, 
cultures of Fragilariopsis cylindrus, Pseudo-nitzschia, Fragilariopsis curta, Porosira glacialis 
and Entomoneis kjellmannii from Antarctic sea ice were exposed to elevated dissolved oxygen 
levels and their growth and photosynthetic rates were measured. According to the results, the 
growth rate was significantly reduced when the culture was oxygenated with approximately 
four times the oxygen concentration of the atmosphere [41]. 
 
DO concentration is affected by temperature, pressure and salinity and compensation for these 
parameters must be taken into consideration. The relationship is described as follows [43]: 
 As temperature of the water increases, the solubility of oxygen increases. 
 As salinity increases, the solubility of oxygen decreases. 
 As pressure decreases, the solubility of oxygen decreases. 
  
DO is usually measured in milligrams per liter (mg/L) or as a percent of air saturation. 
Advanced sensors for measuring DO include electrochemical sensors and optical sensors [42]. 
Both have further subtypes which are shown in Figure 3 below: 
 
Figure 3: Types of dissolved oxygen sensors [42] 
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The optical sensors for measuring DO have more durable sensing elements than Galvanic and 
polarographic sensors. The optical sensor measures DO based on the colour of light from the 
fluorescent element and into a light detector inside the sensor. These sensors are feasible for 
long-term monitoring [45]. 
 
2.2.5 Turbidity 
The transparency or clarity of water is affected by suspended particles which block and scatter 
light inside a pond or river. The measurement of clarity of water is known as turbidity [46]. It 
is measured by comparing the amount of light scattered in a particular medium against the 
amount of light scattered in a reference medium. Turbidity is measured in Nephelometric 
Turbidity Units (NTU). 
 
Various studies have been carried out to observe the effect of turbidity on microalgae growth. 
Increased water turbidity leads to lower photosynthetic efficiency. The Plantkon organisms are 
found to be lowest in early spring when water turbidity is the highest [47]. According to a study 
on comparisons of microalgae growth between Fox and Illinois Rivers in the US, the Fox River 
which was much clearer than the Illinois River, experienced algal blooms while the Illinois 
River did not [48]. 
 
Turbidity is measured by turbidity sensors. These sensors can be used in a wide range of 
applications from rivers and steam gauging to control and instrumentation for settling ponds.  
 
2.2.6 Temperature 
Several studies have been conducted to study the effect of temperature on the quantity and 
quality of lipids within the microalgae cell. One such study carried recently in August 2017 
examined the effect of temperature ranging 15 to 400C on biomass and fatty acid productivity 
of Scenedesmus acutus. The maximum growth rate was achieved at 300C. The highest growth 
in fatty acids for the same species was observed at a lower temperature of 150C and decreased 
with increasing temperature [49]. 
Microalgae cultivation in outdoor production units experience severe temperature fluctuations 
throughout the day and hence, the growth conditions are immensely modified. Low 
temperatures reduce the carboxylase activity which is the conversion of atmospheric carbon 
dioxide by photosynthetic organisms into energy rich molecules such as glucose. According to 
a study in [18], the photosynthesis capability of microalgae is completely inhibited for 
temperatures lower than 40C, substantially reduced for temperatures between 40C and 110C and 
linearly increase for temperatures higher than 110C. Various studies have been conducted to 
observe the effect of a range of temperature on growth of microalgae. These studies highlight 
the optimal temperature for productivity of a certain species. The optimal temperature range is 
24-300C in various literatures and research papers as latest as in 2016 [64] [65] [68]. Studies 
have also shown that aquatic microalgae are adaptive to a large variation in temperature due to 
seasonal cycles [66]. 
2.3 Control strategies for optimal microalgae growth 
The list and brief description of the factors affecting microalgae growth enable one to develop 
control techniques to customize conditions that facilitate maximum growth of a culture under 
study. One such strategy is called the linearized state feedback control. In this method, bio mass 
concentration was the controlled variable, while flow rate was the manipulated variable. The 




Figure 4: Control strategy using feed rate and biomass [71] 
Some other control strategies are described below: 
2.3.1 pH Control 
pH of a medium is controlled by manipulating carbon dioxide flow. As algae intakes CO2 
during photosynthesis, the concentration of CO2 increases which increases pH of the culture. 
As pH is increased to a certain level, CO2 is released from a gas cylinder lowering the pH [36].  
2.3.2 Nutrients manipulation  
Nutrients manipulation is a conventional and widely used approach to increase lipid 
accumulation. In this method, microalgae are starved of nitrogen which enhances lipid 
accumulation.  Limiting other nutrients such as phosphorus and sulphur also resulted in an 
increase in biomass of Scenedesmus sp. LX1 up to 53%. Although successfully tested, nitrogen 
starvation takes 2-5 days to appear and is accompanied with slow growth rates and low biomass 
production [53]. 
2.3.3 Efficient culture systems 
Efficient culture systems are vital for ensuring productivity in outdoor raceway ponds or high 
rate algal ponds (HRAP) which are widely used for culturing of microalgae for biofuels. They 
have an inherent advantage of low cost and low energy requirements compared to open 
raceway ponds. A depth of 20-50cm is maintained for open raceway ponds to ensure sufficient 
light penetration. A major disadvantage of outdoor ponds is frequent seasonal variations such 
as water losses through evaporation etc. Fresh medium is injected into the ponds as a control 
strategy by coupling the weather forecast to a model predicting algal productivity [52] [53]. 
 
2.3.4 Shading outdoor cultures 
Light is essential for photosynthesis. However, excess light inhibits this phenomenon in 
outdoor microalgae cultures and this decreases the biomass productivity. It is possible to 
modify the intensity of incident light in photo bioreactors or indoor ponds. In the case of 
outdoor ponds, where cultures are illuminated by natural light, the incident light cannot be 
controlled directly. It has been proved experimentally in [54] that with controlled shading, a 
higher density of microalgae can be reached as compared to uncontrolled culture. Shading also 
helps to avoid washout of the culture [54].  
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2.3.5 Temperature Control 
Temperature control for closed photo bio reactors is done by cooling systems as the 
temperature reaches unacceptable levels inside these bioreactors. In open ponds, the 
temperature is not controlled. Cooling is only done during evaporation and heating is done by 
the energy released which is stored during the day. Studies have been carried out for 
temperature control in outdoor photo bioreactors where the objective was to decrease the 
requirement for active cooling and heating. One method to achieve this goal is through the use 
of phase change materials (PCMs). These materials act as buffer to store heat during the day 
and release the stored heat back during the night. From the experiments carried out by Uyar, 
B., & Kapucu, N. (2015) showed that apart from the cooling benefits, the PCM acted as a 
source of heat when the PBR temperature dropped below 300C. Thus, the requirement for 
decreasing active cooling and heating was met using PCMs [55]. The principle of phase change 
materials is shown in Figure 5. 
 
Figure 5: Principle of phase change materials [72] 
The closed systems have advantages of being more controllable thus producing high 
productivities and flexible to be used outdoors in natural daylight. Large commercial systems 
used these days are mostly open air due to less cost, scalability and simple design. Although 
98% of commercial algae biomass is produced in open ponds, the practical yield is much less 
than theoretical. This is due to the uncontrolled environmental conditions such as light intensity 
and temperature besides other factors such as biological invasion from other algae and bacteria 
[57].  
Several photo bioreactor studies have been carried out until recently to observe the effect of 
light-intensity and temperature. However, none of these could simulate the environmental 
conditions observed in outdoor ponds [58].  
12 
 
This project aims to design and implement a control system for open raceway ponds to control 
the temperature of the pond while monitoring the parameters discussed above such as pH, 
conductivity, dissolved oxygen etc. Comparison of biomass concentration between a controlled 
vs uncontrolled culture would indicate the effect of temperature as a factor in the growth of 
microalgae. The objective is to optimize growth by maintaining a suitable temperature for the 






The purpose of this chapter is to provide details of the instrumentation, measurement and 
communication system involved in the project. System design based on the measurements 
required as part of the study for the optimal growth of microalgae. Real time data acquisition 
and logging were the core requirements of the project and hence part of the system design. 
3.1 Block Diagram 
The following block diagram of the system shows how the hardware parts of the project were 






















Figure 6: Block diagram of the system  
Temperature  Turbidity pH Light  DO         EC 
Sensors for six 
measurements 
















In view of the important parameters affecting microalgae growth discussed in the literature 






5. Light Intensity 
6. Turbidity 
The above measurements with the associated instruments are explained below: 
3.2.1Temperature 
The project’s main objective was the design of a control system that controls temperature in an 
outdoor raceway pond. The literature review highlighted the significance of temperature as a 
factor affecting growth and the necessity of controlling temperature for an outdoor pond. A 
Thermocouple Amplifier MAX31855 break out board was used to measure the temperature of 
the culture. The break out board is shown in Figure 7 below: 
 
Figure 7: MAX31855 breakout board 
The thermocouple breakout board possess the following features [24]: 
1. Works with any K-type thermocouple  
2. Large measurement range; -2000C to +13500C 
3. Measurement accuracy of about ±2°C 
4. Supports SPI mode of communication, hence requires only three digital I/O 
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3.2.2 Dissolved Oxygen 
Dissolved oxygen measurement is a key parameter for aquatic species since every species Ion 
our planet depends on oxygen and water for its survival. Therefore, dissolved oxygen 
measurement is vital for microalgae cultivation as well. The concentration of dissolved oxygen 
in water can be monitored continuously using a dissolved oxygen sensor. In industry, there are 
mainly three types of dissolved oxygen sensors used for this purpose: 
 Galvanic dissolved oxygen sensors 
 Polarographic dissolved oxygen sensors 
 Optical dissolved oxygen sensors 
The working principle is slightly different for each of these types and they have their own 
advantages and limitations. One of the main advantages of the galvanic type dissolved oxygen 
sensor is that it is self-polarizing due to the material properties of the anode (zinc or lead) and 
cathode (silver) whereas the polarographic sensor require a constant voltage to be applied to it. 
Also, the galvanic DO sensors can be used immediately after calibration whereas polarographic 
sensors require a 5-15-minute warm up time [60]. Owing to these important factors in addition 
to cost, a galvanic type DO sensor from Atlas Scientific was used for this parameter 
measurement. The Atlas Scientific DO probe used in the project is shown in Figure 8 below. 
 
Figure 8: Atlas Scientific DO Probe 
The specifications for this sensor are given in the Table 1 below: 
Table 1: Atlas Scientific Dissolved Oxygen Sensor and Circuit Specifications [61] 
Range 0.01 − 35.99 mg/L  
Accuracy +/- 0.05 mg/L 
Maximum rate one reading per second  
Probe maximum pressure 100 PSI 
Probe temperature range 1 – 50 °C  
Cable length 1 meter  
Calibration 1 or 2 point 
Data Protocol UART & I2C 
I2C Address 97 (0x61)  
Operating Voltage 3.3V − 5V  
Data Format ASCII 
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3.2.3 Electrical Conductivity 
Salts or other chemicals dissolved in water break down into oppositely charged ions. Formation 
of these ions in water make it a conductor of electricity. Salinity and total dissolved solids 
(TDS) are used to calculate the EC of water, which helps to indicate the water’s purity. The SI 
units of measurement is Siemens per meter (S/m). Atlas Scientific conductivity probes, which 
comes with a driver circuit, applies a high-frequency AC signal and thus can be used for 
continuous conductivity measurements. 
The EC sensor probe used in the project are shown in Figure 9: 
 
Figure 9: Atlas Scientific E.C. Sensor probe 
As shown in the figure above, K0.1 type probe was used with the sensor for the measurement. 
The sensor has the following technical details: 
Table 2: Atlas Scientific Dissolved Oxygen Sensor and Circuit Specifications [62] 
Range 0.07 − 500,000+ μS/cm 
Accuracy +/– 2% 
Response time 1 reading per sec 
Calibration 2 or 3 point 
Temperature compensation Yes 
Data Protocol UART & I2C 
Default I2C address 100 (0x64) 
Operating Voltage 3.3V − 5V 
Data format ASCII 
 
3.2.4 pH 
The Atlas Scientific EZO™ pH circuit is a very sensitive device and this sensitivity results in 
high measurement accuracy of the pH of the microalgae culture. This pH sensor is a cost-
effective and a better choice for real-time measurement of pH. The sensor with its probe is 






Figure 10: Atlas Scientific pH sensor probe 
The specifications for this sensor are shown in Table 4. 
 
Table 3: Atlas Scientific Dissolved Oxygen Sensor and Circuit Specifications [5] 
Range .001 − 14.000 
Accuracy +/– 0.002 
Resolution  0.001 
Response time 1 reading per sec 
Calibration 1, 2 or 3 point 
Temperature compensation Yes 
Data Protocol UART & I2C 
Default I2C address 99 (0x63) 
Operating Voltage 3.3V − 5V 
Data format ASCII 
 
The operating principle of this pH probe is that it measures the hydrogen ion activity in a liquid. 
The glass membrane at the tip of this probe permits hydrogen ions from the liquid, whose pH 
is required to be measured, to defuse into the outer layer of the glass, while larger ions remain 
in the solution. The difference in the concentration of hydrogen ions (outside the probe vs. 
inside the probe) creates a small current. This current is proportional to the concentration of 
hydrogen ions in the liquid being measured [63]. 
 






Figure 11: DO, EC and pH sensor breakout boards 
 
3.2.5 Light Intensity 
The Spark fun ambient light sensor used previously in [11] with NIDAQ for measuring light 
intensity was replaced by TSL2591 Lux sensor to be able to connect to Arduino 
microcontroller. The light intensity for the microalgae culture was measured using TSL2591 
Ambient Light Sensor. It is an advanced digital light sensor and ideal to be used in a wide range 
of light situations. This sensor provides the ability to separately measure infrared, full-spectrum 
or human-visible light. The current drawn by this sensor is extremely low making this sensor 
ideal for low power data logging systems and requires only a 3.0V operating voltage [64]. 
Another advantage of using this low cost highly efficient sensor in the project is that it uses the 
same data protocol, I2C, used by the DO, EC, and pH sensors. Therefore, using the same I2C 





Figure 12: TSL 2591 Ambient Light Sensor 
The technical specifications for this chip are detailed below [64]: 
1. Extremely wide dynamic range 1 to 600,000,000 Counts 
2. Lux Range: 188 uLux sensitivity, up to 88,000 Lux input measurements. 
3. Temperature range: -30 to 80 *C 
4. Voltage range: 3.3-5V into onboard regulator 
5. Interface: I2C, 7-bit address 0x29 (fixed) 
3.2.6 Turbidity 
Turbidity is the measure of the clarity of water and is measured in 
Nephelometric Turbidity Units. The device used for measuring turbidity is called a turbid 
meter. It uses light to detect suspended particles in water by measuring the light transmittance 
and scattering rate, which changes with the amount of total suspended solids (TSS) in water. 
The gravity analog turbidity sensor for Arduino was used to measure turbidity in the project. 
The output of the sensor is displayed in terms of voltage and is then converted into turbidity 
units. Analog output mode was used to measure turbidity levels of the microalgae culture. It is 
shown in the Figure 13. 
 
Figure 13: Analog Turbidity Sensor 
This sensor has the following characteristics: 
1. Model: LGZD Sensor V1.1; 
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2. Voltage: 5VDC; 
3. Current: 30mA (MAX); 
4.  Response time: <500ms; 
5. Insulation resistance: 100MΩ (Min); 
6. Output: Analog (0-4.5V) or Digital (high 5V / low 0V); 
7. Operating temperature: -30 ° C to 80 ° C; 
3.3 Data Acquisition and logging 
During the previous phase of this project [11] , due to the different communication protocols, 
the six different sensor breakout boards used for taking measurements were interfaced with 
NIDAQ (National Instruments data acquisition module) and Arduino boards. One of the 
objectives in this project was to simplify the existing arrangement by replacing the two data 
acquisition boards with one board which possesses all the functions of the NIDAQ and Arduino 
boards. The experiments were supposed to be conducted in an outdoor pond as opposed to an 
indoor PBR. In order to meet all of these requirements, the data acquisition of all the six sensors 
discussed in the previous section had to be done in an outdoor environment and then transmitted 
to an indoor receiver in order to view and control the parameters of the culture. It was 
recommended in that phase of the project that the NIDAQ card be replaced with the Arduino 
that is able to acquire all the measurements from the culture so as to achieve a less costly and 
a less bulky experimental setup. Therefore, a device that provides I2C and SPI modes of 
communication for the sensors and also capable of wireless communication was required to 
fulfil this purpose.  
3.3.1 Wi-Fi enabled microcontroller 
Ameba RTL8195 was one such device to realise the IoT implementation. The main advantage 
with Ameba was that it uses the same IDE as used by Arduino for data acquisition and 




Figure 14: Ameba RTL8195 front and back 
The process of replacing the previous Arduino board with the one shown in Figure 14 mainly 
consisted of: 
1) Interfacing the new board with local PC (power and data connections) 
2) Connecting sensor breakouts with I2C capability for communication with Ameba 
RTL8195 
3) Testing data acquisition when connected to the local PC 
4) Testing data acquisition remotely by using the Wi-Fi capability of the module for data 
transmission 
The dissolved oxygen, pH, conductivity, and turbidity breakouts used in the previous phase of 
the project [11] were deployed again with the new board. However, for temperature and light 
intensity measurements, the corresponding I2C capable breakouts were required since the 
temperature and light intensity measurements were previously acquired with NIDAQ using 
different sensors. Also, a separate 5V power supply was required to power up the new Ameba 
RTL8195 module. The connectivity of all the different sensors with the Ameba RTL8195 
module is described below. 
3.3.1 Dissolved Oxygen, Electrical conductivity, pH and Light intensity 
As mentioned in the previous section, DO, EC and pH sensors communicate on the UART and 
I2C data protocol. UART mode is a TTL serial communication mode and a serial port is 
required for each interfacing breakout board. Also, the light intensity sensor only 
communicates using I2C protocol. Therefore, a more appropriate choice is the I2C bus topology 
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in which all these three sensors use the same bus for communication. These three sensors were 
connected to the Ameba RTL8195 module as shown in the Figure 15. 
 
Figure 15: DO, EC, pH and Light Intensity sensors connectivity with RTL8195 
The program to acquire the measurements for all the four sensors was compiled and executed 
in the Arduino IDE environment and displayed on the serial monitor. It mainly consisted of 
initiating the wire library in the RTL8195 module and connecting to the I2C bus as a master 
device. The sensors act as slaves. Then in order to perform the read operation, an ASCII ‘R’ is 
sent from the Ameba module to the sensors. In the case of the light sensor, a function 
getLuminosity (TSL2591_TSL2591_FULLSPECTRUM) is called in the program to get a 
value of light intensity in terms of Lux.  
The entire program for the field device is given in Appendix A of the report. 
3.3.2 Temperature measurement 
The temperature measurements were conducted by the Thermocouple Amplifier MAX31855 
breakout board. This amplifier contains a built-in 14-bit analog-to-digital converter (ADC) and 
a signal-conditioning hardware to convert the thermocouple’s signal into a voltage compatible 
with the input channels of the ADC. As this board communicates using the SPI mode of 
communication, three digital I/O pins are required, namely, Data Out (to MISO pin in the 
microcontroller), CS (chip select) and CLK (clock to indicate when to sample the data available 
on the data line). MAX31855 is available in several versions where each is optimized for a 
specific thermocouple type. The one used in the project is a MAX31855K type thermocouple. 
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For a K-type thermocouple, the voltage changes by about 41µV/0C, which approximates the 
thermocouple characteristic with the following linear equation [14]:  
VOUT = (41.276µV/0C) x (TR – TAMB)  
where VOUT is the thermocouple output voltage (µV), TR is the temperature of the remote 
thermocouple junction (0C), and TAMB is the temperature of the device (0C). 
The connectivity of this thermocouple amplifier to the Ameba module is shown in the Figure 
16. 
 
Figure 16: Thermocouple Amplifier connectivity with Ameba module 
The core part of the program in Arduino IDE consists of importing the relevant library of this 
sensor and then executing the command thermocouple.readCelsius(); to get the value of the 
current temperature. The entire program for acquiring temperature measurement is given in 
Appendix A of the report. 
3.3.3 Turbidity Measurement 
Since the analogue mode of measurement was adopted to acquire turbidity measurement, the 
‘A’ pin of the LGZD sensor breakout board was connected to the A0 pin of the Ameba module. 




Figure 17: Turbidity Sensor Connectivity with RTL8195 module 
The voltage being read on the A0 port of the Ameba was converted to turbidity measurement 
using the following equation from the Turbidity sensor’s manufacturer’s official website: 
𝑦 1120.4𝑥 5742.3𝑥 4352.9 
Where 𝑦  calculated turbidity, 𝑥 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 
The next step after taking all the individual measurements was the design of a PCB that 
places all these components connected as discussed above. 
3.4 PCB Design 
There are various packages available to design a PCB for electronics projects. EasyEDA is one 
such software and was chosen because it is a web-based tool and available for free. There is no 
need to install any software. EasyEDA works on any HTML5 capable, standards compliant 
web browser. Some of the important features of this software relevant to the project are as 
follows: 
1. Simple and user friendly yet comes with powerful general drawing capabilities 
2. Document export (PDF, PNG, SVG) 
3. Design Rules Checking 
4. Multi-Layer, 6 copper layers supported 
5. Photo view 
6. Generates the fabrication file (Gerber) 




Designing a PCB with EasyEDA is basically a two-step process. The first step is to create a 
schematic using the schematic library symbols of the software. The schematic created for the 
microalgae project is shown in the Figure 18. 
 
Figure 18:  Schematic diagram of the Microalgae PCB 
The next step was the conversion of this schematic into PCB using “Convert to PCB” GUI 
button on the software. The multi layered PCB view showing top and bottom layer tracks is 
the result of this conversion as shown in Figure 19. 
 
Figure 19: Multi layered PCB of the Micoralgae project 
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The final version of the designed PCB showing both the top and bottom layers from the 
above prototype was obtained in the software as shown in Figure 20. 
 
Figure 20: Top and bottom view of the designed PCB in EasyEDA 
The files generated in the software were then sent to the PCB Fabrication company which 
etches the PCB and sent the product on which components could be placed and tested. 
3.4 Communication 
It was mentioned in the project objectives that the experiment of temperature control was 
supposed to be implemented on an outdoor pond. A wireless mode of data transmission was 
required to transmit the measurements of the sensors acquired outdoor to a receiver located in 
the lab. To serve this purpose, an ESP8266, low-cost Wi-Fi system-on-chip (SoC) was used to 
provide an access point and to receive the measurements sent from the field Ameba. ESP8266 
comes with an integrated TCP/IP protocol stack that provides access to any other 
microcontroller possessing Wi-Fi capability. The ESP8266 provides a lot of features for IoT 
projects with the following features to be significant for the current project [68]: 
 802.11 b/g/n 
 Wi-Fi Direct (P2P), soft-AP 
 Integrated TCP/IP protocol stack 
 3.3V power supply 
 Max current consumption is 215Ma 




Figure 21: ESP8266 Wi-Fi board 
Measurements acquired in the field by the Ameba were converted into UDP packets and data 
processing was implemented on the field Ameba before transmission. These packets in the 
form of character array were then transmitted through the wireless link. The ESP8266 
connected to desktop, served as an access point to provide wireless connectivity for clients in 
the field.  
The program for access point is given in Appendix B of the report. 
3.4.1 Data Flow 
Data flow diagram (DFD) is a graphical representation of the information being exchanged 
between the entities of a communication system. It illustrates the flow and process of data in 
various nodes of the system [12]. The DFD for the project summarizes the overall data 




Figure 22: Data flow diagram of the system 
As shown in the DFD in Figure 22, the field devices (RTL8195A) firstly attempt to establish 
wireless connectivity with its access point (AP) server through a user name and password. The 
ESP8266 module shown in figure 14 serves as an AP server for one field device. The field 
device then starts to take measurements from the sensors on its various buses. The 
measurements are then converted to the format required for transmission and is then transmitted 
to the AP server. The ESP8266 or the AP server/computer-end then displays these 
measurements as strings, where one string consists of six tab separated character arrays 




Figure 23: Arduino IDE serial monitor showing sensor measurements 
The strings shown in Figure 23 represent measurements in the following order: 
Temperature (0C), Light Intensity (LUX), Dissolved oxygen (mg/L), Electrical Conductivity 
(µS), pH, Turbidity (Voltage) and error (Set point – current temperature). 
The temperature set point from the ESP8266 (computer-end) is sent to the field device on which 
it is desired to control the temperature of a pond. The algorithm for temperature control is 





CONTROL SYSTEM DESIGN AND INVESTIGATION 
 
The ultimate aim of this project was to design and implement an automated temperature control 
system to achieve optimum microalgae growth in the outdoor pond.  
It was discussed in the literature review section of the report that the optimal temperature for 
growth is a range of temperature rather than being a sharply defined value. Heat and light are 
mainly provided by the sun to the microalgae species grown outdoor during the day time. 
However, during the night, decreases were observed in the biomass concentration and 
carbohydrate contents of the cells due to the intracellularly stored carbohydrate being 
metabolized as an energy source. This energy is used in part for cell maintenance and in part 
for protein synthesis. At the time of sunrise, it is not until the culture gets warm enough that it 
starts the process of increasing the biomass concentration. In order to preserve the biomass 
during the night and microalgae being able to start its productivity soon after sunrise, it was 
required to maintain a temperature of nearly 250C for the culture a few hours prior to the sunrise 
time. 
There are various types of control strategies used in industry, laboratory, and routine 
applications. Some of the commonly used controllers are on/off, Proportional Integral (PI), 
fuzzy, and neural. The latter two are advanced and use more sophisticated concepts like 
artificial intelligence [73]. An aquarium heater is usually used in the Algae R&D Centre to heat 
up the ponds during winter season and was also used in this project for controlling the 
temperature. Since the electric pond heater can only have two states, either on or off, it was 
decided to firstly design a PI controller to meet the desired objective. The reason for selecting 
a PI controller as opposed to a simple on/off style controller is that this method of temperature 
control conserves power and also provides a high degree of stability [60]. 
4.1 PI Controller in Arduino 
Even though a PI controller is designed to work with an analogue output, it is possible to 
manipulate a discrete output such as an output connected to a relay, as an example. The 
manipulated variable in this case was the duty cycle of the heating device. In other words, the 
analogue output of the PI is converted into a ratio ON/OFF of the digital output for the time 
the controller’s output is energised. The PI controller in an Arduino resembles a technique 
known as pulse width modulation or PWM. PWM is a powerful technique to control analog 
circuits with a microcontroller’s digital output. In PWM, the duty cycle of a pulse is varied 
according to the average power required by the load connected to the microcontroller’s digital 
output. By varying the duty cycle of the pulses, the average power required by the load is 
controlled. The PWM signals, each of 1khz but of varying duty cycles are generated in 




Figure 24: PWM signal of 75% duty cycle 
 
Figure 25: PWM signal of 50% duty cycle 
 
Figure 26: PWM Signal of 25% duty cycle 
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The concept of PWM forms the foundation of e Arduino’s PI controller for a digital or a relay 
type output. The signals shown in Figures 24 to 26 are high frequency signals, the PI controller 
used in the project is a slow version of PWM in a way that switching between on and off occurs 
within the period of a 3-seconds pulse. This is further explained by the terminologies and 
parameters of the PI controller:  
 
I) Sample time:  
The PI algorithm in the Arduino program is called at specific time intervals, called the sample 
time of the PI algorithm rather than at any random time interval. Hence, the execution of the 
controller’s performance can be observed and calculated every sample time-interval. The 
default sample time of calling this algorithm in Arduino is 100ms and was used as such in the 
implementation.  
 
II) Window Size (ON/OFF Switching Frequency) 
The window size determines the time in milliseconds per PWM (Pulse width modulation) 
cycle. The duty cycle is determined by the difference in the set point and current temperature. 
The window size is set as 3000ms in the program. This means that the relay will be ON/OFF 
during the time set using window size.  
If the PI calculates the need for full power, the manipulated variable will be set to 3000. The 
relay will be ON for all 3000 milliseconds of each PWM cycle. If the PI calculates the need for 
half-power, the manipulated variable will be set to 1500. The relay will be ON for the first 
1500 milliseconds (1.5 seconds) of each PWM cycle and OFF for the remaining 1500 
milliseconds (1.5 seconds). If the PI calculates the need for 1/5th power, the manipulated 
variable will be set to 600. The relay will be ON for the first 600 milliseconds (1 second) of 
each PWM cycle and OFF for the remaining 2400 milliseconds (2.4 seconds). 
III) Proportional Gain (Kp) and Integral Term (Ki)  
The proportional constant relates the error to the controller’s output. A large proportional gain 
such as 500 makes the heater turn on for the entire window size (5000ms) right from the 
beginning of the control action. Therefore, the temperature set point is reached in a shorter time 
duration. A smaller value of proportional gain such as 50 results in the set point to be reached 
in a longer time duration.  
The program running on the field device contains all of the above parameters. The relevant 
library of the proportional integral differential (PID) controller in Arduino was called in the 
program which then computed the control action based on the current temperature, control 
parameters and the provided set point. A snippet of the main program relevant to the PI 
algorithm running on the field device is shown below: 
// Including the Arduino PID library 
#include <PID_v1.h>  
// Defining parameters for PI 
double Setpoint, Input, Output, error; //defining  
double Kp = 300, Ki = 10, Kd = 0;  
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#define RelayPin 8 //RTL8195 port connected to the solenoid connecting the 
240V heater 
#define PIDSampleRate 100 //default is 100 milliseconds 
int WindowSize = 3000; 
unsigned long windowStartTime; 
unsigned long startMillis; 
unsigned long currentMillis; 
PID myPID(&Input, &Output, &Setpoint, Kp, Ki, Kd, DIRECT); 
void setup () 
{ 
pinMode(RelayPin, OUTPUT); 
windowStartTime = millis (); 
//Activating the PID  
myPID.SetMode(AUTOMATIC); 
startMillis = millis();  //initial start time 
void loop () { 
// Getting the setpoint from the Access point server via a UDP packet 
int packetSize = Udp.parsePacket(); 
  if (packetSize) { 
    int len = Udp.read(packetBuffer,255); // 
    Serial.println(packetBuffer); 
//Converting the received set point in character array format to floating 
point number 
 Setpoint = atof(packetBuffer);  
     Serial.println(Setpoint); 
  } 
if ((millis() - timerDelay) >= (PIDSampleRate - 2)) {// Getting the 
temperature 2 miliseconds prior to the next PID calculation 
    timerDelay = millis(); // 
if (myPID.Compute()) { //Compute() does the calculation of PI algorithm 
    timerDelay = millis(); // adjust the timer to match Compute delay timer 
    ************************************************ 
     Turn the relay pin on/off based on pi output 
     *********************************************** 
    unsigned long now = millis (); 
    if (now - windowStartTime > WindowSize) 
    {//time to shift the Relay Window 
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      windowStartTime += WindowSize; 
    } 
    if (Output > now - windowStartTime) { 
      digitalWrite(RelayPin, HIGH); 
    } 
    else digitalWrite(RelayPin, LOW); 
    error = Setpoint - Input; 
  } 
4.1.2 PI Controller Tests 
Before integrating the designed system with an actual outdoor pond, the controller was tested 
for its performance with test ponds. Initially a 50W aquarium heater was used to heat up a 9L 
pond to the desired set point. The PI control parameters discussed above were taken from the 
Arduino PID library to test for the performance of the controller in achieving the desired set 
point of 260 C.  
Window Size=3000 ms; Kp= 500; Ki=5; Control Start time=2200; Control End time=0600; 
It was observed that it took 2.5 hrs for the temperature to reach the set point from the initial 
temperature of 190C using this heater. The response with this type of heater is shown in the 
figure below: 
 
Figure 27: Test of temperature control with 50 W Aquarium heater 
Although the temperature was maintained nearly at the set point for the entire control period 

























































































































































































































































































to be used for outdoor ponds as temperature falls well below 100C during the night. The 50W 
aquarium heater was replaced with a 200W aquarium heater. The parameters associated with 
the new test were as follows: 
Window Size=3000 ms; Kp=500; Ki=5; Control Start time=2330; Control End time=0600; 
 
Figure 28: Test of temperature control with 200 W Aquarium heater 
Clearly, it took less than an hour for the 200W heater to increase the temperature from initial 
temperature of 110C to the setpoint. Several control tests were conducted with the new heater 
using different values of proportional gain and integral time constant. Results of these tests are 
summarized in the table below: 









Time to reach 







100 5 16.5 45 3 
200 5 19.25 56 2 
300 5 13 46 2 
300 8 9.25 45 0.75 
25 
300 10 12 45 2 
300 10 14.25 41 2.25 
300 10 13.75 45 1.5 














































































































































































































































































Deviation from the set point during control action was found to be +30. The reason is mainly 
due to the manipulated variable taking only takes two values of on and off instead of a range 
of values. Secondly, heat conduction from the heater to the culture even after it turns off takes 
place as the heater stays in the culture and remains very hot for a while. Based on the test 
results, the final values for Kp and Ki control parameters were fixed at 300 and 10, respectively 
for the temperature control of the outdoor pond. 
4.2 Data Acquisition and User Interface  
It was mentioned in the previous section that programs in the Arduino IDE were compiled and 
executed to acquire the measurements from the sensors used in the project. This environment 
contains a text-based editor for writing and testing the codes and a serial monitor besides other 
features for monitoring and interacting with the microcontroller. As the project is multi-
disciplinary, one of the application design objectives was enabling the user to interact with the 
application without going through the text-based commands of the Arduino platform. The front 
panel of the LabVIEW program consists of three tabs, namely “Pond 1”, “Pond 2” and “Data 
Logging”. The program and user interface is explained as follows: 
4.2.1 LabVIEW program and graphical view of the measurements 
It was shown in Figure 22 that the access point (ESP8266 module) was used to receive and 
display measurements transmitted from the field devices. The ESP8266 module was connected 
to the computer via a serial interface. Therefore, the LabVIEW serial read blocks were used to 
read these measurements.  The desired temperature set point, the start and end time for Pond 1 
was also transmitted through the same interface and hence, the LabVIEW serial write block 
was used to send this information to the field device through the access point.  The write and 




Figure 29: LabVIEW back panel showing serial write logic 
It was shown in the Arduino serial monitor in Figure 23 that the measurements received from 
the field devices at the access point were in the form of strings consisted of tab separated 
character arrays. In the LabVIEW program, these strings were first read using the “Read” 
block. The strings were then separated based on the identifier for different field devices using 
the “Match Pattern” block. Lastly, the character arrays were converted into floating point 
numbers using “Spreadsheet String to Array” block of the LabVIEW program. This is shown 




Figure 30: LabVIEW back panel showing serial read logic 
The front panel showing the three tabs is shown in Figure 31. 
 
Figure 31: Graphical View of measurements in LabVIEW 
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4.2.2 User Interaction with LabVIEW application 
The application was designed keeping in view the varying environmental conditions such as in 
winter and summer. These changes impact on growth conditions of microalgae throughout the 
lunar year. Hence, as shown in the Figure 31, the end user is enabled to input the temperature 
set point and the time the system starts the temperature control of the pond. This also provides 
the flexibility for the system to be used with any microalgae species with different optimal 
temperature for growth.  
4.2.3 Data Storage 
Data logging of the measurements acquired from the outdoor raceway ponds is vital for 
analysis and inference. It enables to study the control parameters corresponding to particular 
growth results and modify these parameters if required. 
The data storage part of the application consists of two parts: 
i) User-Interactive 
ii) User-Independent 
The first part of the data logging system enables the user to select the following options while 
the application is running: 
1) Start/Stop the data logging 
2) Replace/Create a new file (.csv) 
3) Open the existing file 
4) Select the logging time interval (1 sec, 1 min and 1 hour) 
5) Chose a file path for data storage in the csv file for both ponds 
This selections are shown in Figure 32. 
 
 





The objective of designing such a user interactive system was to enable the end user to test the 
temperature effects on various outdoor ponds having different types of species. The purpose of 
testing the PI controller running on the RTL8195 module with different parameters was to 
observe its performance and select the parameters that would result in minimum settling time 
and deviation from the required set point temperature. The next step was to implement this PI 
controller with the finalised parameters in the previous section on the microalgae species. In 
this project, a species called Nannochloropsis MUR-267 was used to test the effect of 
temperature control two to three hours before sun rise. This microalgae species has received 
ever-increasing interest of research worldwide due to its fast growth rate, high lipid content 
than other microalgal strains and producing omega-3 fatty acids in high quantities [61].  
Nannochloropsis was cultivated in two small ponds (9 L each). One pond was used as an 
experimental and the other as control. In the experiment pond, the temperature was stepped 2-
3 hours prior to sunrise to a set point temperature of 250C prior to sunrise. This is the optimal 
temperature for almost all outdoor raceway ponds as discussed in the literature review. The 
other parameters, pH, DO, EC and light in the experiment pond were left uncontrolled. All the 
parameters including temperature in the control pond were also left unmanipulated. As DO is 
essential for mixing in the culture, an air pump for mixing oxygen in both the ponds was set at 
1g/L.  
5.1 Culture preparation 
The first step was to prepare the medium for experiment and control ponds. As an experimental 
test, 50% harvest was used for each experiment. This means that the pond was filled with 4.5-
liter algae and 4.5-liter sea water. Being a sea water species, Nannochloropsis was grown in 
F/2 medium as formulated by Guillard. The main components of the feed were sodium nitrate 
and sodium dihydrogen orthophosphate dehydrate [62]. 
5.2 Biomass calculation 
The next step was to find the dry weight and ash free dry weight of the sample as these 
measurements are indicators of the biomass of the microalgae. Before measuring dry weight 
and ash-free dry weight, the cells must be concentrated which can be done either by 
centrifugation or filtration. In the project, the filtration technique was used as it is found to be 
the quickest method [70].  
In the filtration method, the weight of the filter paper was firstly measured and then 5mL from 
each sample of the experiment and the control ponds were filtered using microfiber filter 
papers. Being a sea water alga, Nannochloropsis also contains salt. Therefore, the sample 
culture of each pond was rinsed with equal volumes of ammonium formate solution to remove 
the residual salt from the filter papers. The composition of ammonium formate was taken from 
[63].  The filtration unit removed the liquid of the culture and ammonium formate solution 
from all the filter papers. Each filtered sample was then dried using a furnace at 90˚C for 24 
hours to remove all remaining water. Then the weight of each filtered and dried sample was 
measured and noted down, from which dry weight was calculated by subtracting the weight of 
filter paper and averaging the samples from both the ponds. The equation for calculating the 
dry weight is as below:  
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡,  
     @ ℃    ∗  




After the dry weight of the filter papers was calculated, the filter papers were then subjected to 
another furnace operating at 450℃ for at least 6 hours. This burns the ashes and hence the ash-
free dry weight (AFDW) is obtained using the following equation. 
 
𝐴𝐹𝐷𝑊,
     @ ℃    @ ℃ ∗
   2) 
The ash free dry weight (AFDW) calculated from above equation gives the biomass 
concentration of the species. The initial biomass of both ponds before the start of the 
experiment was recorded followed by the same procedure of biomass calculation every third 
day.  
5.3 Experiments 
The experiments were conducted using a semi-continuous mode which is more cost-effective 
than the continuous operation [71]. In this method, the culture in both ponds were harvested 
and grown for a period until the biomass (g/L) reaches its saturation level. The culture is 
renewed again by removing half of the volume of the pond and topping it up with sea water to 
the original level. Three harvests were conducted using this approach of operation. The dry 
weight and ash-free dry weight were calculated using the equations 1 and 2 during each harvest 


















































0.02534 0.02789 0.00255 
0.00311 0.6227 
0.02628 0.00161 
0.00181 0.362 0.02514 0.02851 0.00337 0.02656 0.00195 
0.02504 0.02846 0.00342 0.02659 0.00187 
Control 
0.02513 0.02877 0.00364 
0.0034 0.6807 
0.02682 0.00195 
0.00182 0.36333 0.02497 0.02819 0.00322 0.02648 0.00171 






0.02506 0.02723 0.00217 
0.00255 0.5093 
0.02584 0.00139 
0.00147 0.294 0.02513 0.02792 0.00279 0.02642 0.0015 
0.02489 0.02757 0.00268 0.02605 0.00152 
Control 
0.0248 0.02724 0.00244 
0.0026 0.5207 
0.02588 0.00136 
0.00138 0.276 0.025 0.02732 0.00232 0.02598 0.00134 






0.02455 0.02723 0.00268 
0.00293 0.5853 
0.02546 0.00177 
0.00216 0.43133 0.02527 0.02839 0.00312 0.02548 0.00291 
0.02472 0.0277 0.00298 0.02591 0.00179 
Control 
0.02527 0.02842 0.00315 
0.0029 0.58 
0.02681 0.00161 
0.00162 0.32333 0.02522 0.02809 0.00287 0.02641 0.00168 







0.02433 0.0275 0.00317 
0.00345 0.6907 
0.02556 0.00194 
0.00216 0.43267 0.0252 0.02883 0.00363 0.02653 0.0023 
0.02532 0.02888 0.00356 0.02663 0.00225 
Control 
0.02505 0.028 0.00295 
0.00295 0.5893 
0.02616 0.00184 
0.0018 0.36 0.02531 0.02824 0.00293 0.02646 0.00178 








0.02474 0.02743 0.00269 
0.00281 0.5627 
0.02546 0.00197 
0.00207 0.41333 0.02523 0.02814 0.00291 0.02604 0.0021 
0.02494 0.02778 0.00284 0.02565 0.00213 
Control 
0.02495 0.02774 0.00279 
0.00263 0.5253 
0.02582 0.00192 
0.00175 0.34933 0.02437 0.02682 0.00245 0.02517 0.00165 
0.02556 0.0282 0.00264 0.02653 0.00167 
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0.02542 0.02749 0.00207 
0.00255 0.51 
0.02612 0.00137 
0.001567 0.313 0.02482 0.02739 0.00257 0.02580 0.00159 
0.02521 0.02822 0.00301 0.02648 0.00174 
Control 
0.02491 0.02741 0.0025 
0.00255 0.51 
0.02602 0.00139 
0.00139 0.279 0.02526 0.02803 0.00277 0.02660 0.00143 






0.02520 0.02809 0.00289 
0.002673 0.5346 
0.02646 0.00163 
0.00158 0.317 0.02521 0.02770 0.00249 0.02621 0.00149 
0.02529 0.02793 0.00264 0.02629 0.00164 
Control 
0.02557 0.02807 0.0025 
0.002446 0.4893 
0.02667 0.0014 
0.00139 0.279 0.02485 0.02701 0.00216 0.02567 0.00134 






0.02355 0.02643 0.00288 
0.00292 0.584 
0.02467 0.00176 
0.00183 0.367 0.02423 0.02726 0.00303 0.02537 0.00189 
0.02609 0.02894 0.00285 0.02709 0.00185 
Control 
0.02506 0.02772 0.00266 
0.00248 0.496 
0.02616 0.00156 
0.00153 0.306 0.0245 0.02675 0.00225 0.02528 0.00147 













0.0361 0.03982 0.00372 0.03752 0.0023 
0.0357 0.03938 0.00368 0.03704 0.00234 
Control 
0.03593 0.03928 0.00335 
0.00331 0.662 
0.03737 0.00191 
0.0019 0.38 0.03614 0.03932 0.00318 0.03749 0.00183 







0.02561 0.0289 0.00329 
0.003233 0.64666 
0.02669 0.00221 
0.00209 0.418 0.02534 0.02842 0.00308 0.02662 0.0018 
0.02564 0.02897 0.00333 0.02671 0.00226 
Control 







0.02556 0.02846 0.0029 0.02664 0.00182 
0.02481 0.02788 0.00307 0.02649 0.00139 
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0.0251 0.0267 0.0016 
0.001603 0.32066 
0.02548 0.00122 
0.001206 0.24133 0.02542 0.02714 0.00172 0.02594 0.0012 
0.02546 0.02695 0.00149 0.02575 0.0012 
Control 
0.02529 0.02693 0.00164 
0.001613 0.32266 
0.02577 0.00116 
0.001143 0.22866 0.02533 0.02682 0.00149 0.0257 0.00112 




0.02528 0.02743 0.00215 
0.002156 0.43133 
0.02597 0.00146 
0.00147 0.294 0.02559 0.02781 0.00222 0.0263 0.00151 
0.02554 0.02764 0.0021 0.0262 0.00144 
Control 
0.02519 0.02719 0.002 
0.002 0.4 
0.02583 0.00136 
0.00141 0.282 0.02525 0.02716 0.00191 0.02576 0.0014 




0.02508 0.02754 0.00246 
0.002366 0.47333 
0.02582 0.00172 
0.001646 0.32933 0.02516 0.02745 0.00229 0.02585 0.0016 
0.02507 0.02742 0.00235 0.0258 0.00162 
Control 
0.02521 0.02763 0.00242 
0.00232 0.464 
0.02601 0.00162 
0.001583 0.31666 0.02547 0.02775 0.00228 0.02617 0.00158 




5.4 Temperature profiles 
Before proceeding to calculating the growth rates and productivity of the two ponds, it is 
relevant to analyse some of the temperature profiles for 24 hours period during the experiment 
days from the above table. These profiles are indicators of the temperature conditions of the 
two ponds and help to deduce results. The data in Figures 33 to 36 is extracted from the 
database of the LabVIEW program. 
1. On 25/10/2018 
 
 
Figure 33: Temperature profiles of Experimental and Control Ponds on 25/10/2018 
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Figure 34: Temperature profiles of Experimental and Control Ponds on 28/10/2018 
3. On 29/10/2018 
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Figure 36: Temperature profiles of Experimental and Control Ponds on 30/10/2018 
5.5 Calculating growth rates 
The microalgae growth rates are usually determined by doubling time, tD, which means the 
time for the biomass or the cell count to double) and to calculate specific growth rate, µ, which 
means the proportion increase in cell count or biomass per unit time [70]. The formulae for 







𝜇  Specific growth rate in terms of time-1 
Xi= Initial Biomass of the culture of a particular harvest 
Xf= Final Biomass of the culture of the same harvest 
𝑡 𝑡 = Number of days for the particular harvest 
Similarly, 
𝑡 𝑙𝑛2/𝜇 
Where, 𝑡  = doubling time 
The calculations for these growth rate measurements, µ and tD, were based on the data given 
in Tables 5, 6 and 7. Then, the growth rates were statistically analysed using Sigma plots to 
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was conducted in the sigma plot. Repeated measures refer to taking mean of the biomass on 
repeated observations as the same culture was used and harvested several times. The term 
paired refers to comparing the biomass of the culture belonging to the same species. T-test is 
performed to find evidence of significant difference between the results from the two ponds. 
Four graphs indicating growth comparison were generated in sigma plot: 
1) Biomass density (g.L-1) 
2) Specific growth rate (day-1) 
3) Doubling time (day) 
4) Volumetric biomass productivity (mg.L.day-1) 
The results obtained for biomass density is shown in Figure 37. 
 
Figure 37: Comparison of Biomass density between experimental and control pond 
It can be observed from the graph that the two ponds started with the same initial biomass. 
Then, as the temperature was stepped up to the optimal temperature of 250C, biomass density 
increased more in the experimental pond as compared to the control pond. The trend continued 
for all the three harvests. The last part of the growth curve shows little difference between the 
two ponds owing to the temperature during the night was also increasing according to the 
seasonal changes.  
Similarly, the specific growth of the ponds as generated in sigma plot is shown in Figure 38. 
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Figure 38: Specific growth rates of experimental and control ponds 
This graph also indicates an increased specific growth rate of the experimental pond as 
compared to the control pond and hence contributes to the result obtained in the previous graph. 
The third measure of doubling time comparison between the two ponds is shown in the Figure 
39. 
 
Figure 39: Doubling time comparison between experimental and control ponds 
The above graph indicates that it took significantly less number of days for the biomass of the 
culture to double in a pond which was heated in the project. The average number of days for 
the biomass to double in the experimental pond was around 7, whereas it took around 12 days 


















































The last performance metric to assess the results was the productivity. The graph generated in 
sigma plot for this measure is shown in Figure 40. 
 
Figure 40: Volumetric biomass productivity in experimental and control ponds 
This important growth indicator which expresses the yield of the microalgae per day, also 
asserted the fact that there was an increased biomass productivity per day of the experimental 
pond as compared to the control pond. 
Combining all of the measures for growth, the statistical analysis shows that the growth in 

































DISCUSSIONS AND RECOMMENDATIONS 
6.1 Measurement Sensors 
There were six physical sensors installed in the project to take measurements of various 
parameters in the culture. The sensors were required to be submersible since the pond was an 
outdoor raceway pond exposed to the natural environment. Out of these six sensors, the 
Turbidity sensor was not a water proof sensor. Initially, attempts were made to shield it around 
the top and sides but it eventually failed as the customized weather proofing was not completely 
perfect. The completely submersible sensor was found to be too costly to be included in this 
phase of the project and is therefore suggested to be included in the next phase. 
It was also recommended by the vendor of the electrical conductivity sensor that an electrical 
isolation board be installed for all the sensors whose probes are immersed into the same tank 
to electrically isolate the sensors from each other which would result in more accuracy in 
measurements. The thermocouple probe used in the project, however, had built in isolation 
capability. 
6.2 Data Acquisition and Processing module 
The measurement board RTL8195 was used for the following purposes: 
1. Acquiring the measurements from sensors 
2. Implementing PI control 
3. Processing the measurements and transmitting it to the access point server 
This board is still under development phase and some significant features existing in an 
Arduino module are not yet available in this module. It was also found during wireless 
implementation of the module that it could not become an access point server and could only 
work as a client in the field despite various attempts. This board also does not support static IP 
addresses as yet [59]. 
6.3 Heater element and power consideration 
A 200W heater element was used in the project to step up the temperature during night and 
then control it through a PI controller. The performance of such a heater was satisfactory for 
the 9L culture pond in terms of the time it takes to reach the set point. Outdoor ponds are 
usually around 200L, and such a heating arrangement is inappropriate for conducting a 
temperature control experiment. Hence, a more sophisticated and efficient heating setup is 
required for high volume ponds. The power consumption by the heater should also be taken 
into consideration to make optimal growth of microalgae as feasible as possible.   
6.4 Secure wireless communication network 
The wireless system of data transmission has been made secure by password protection so that 
intrusion into the communication network becomes difficult if not impossible. Further security 
can be added by making the field device and the access point part of the university network 
which is highly secure. This requires some configurational modifications in the university 






The ultimate objective of the project was the design and implementation of a temperature 
control system for an outdoor pond. Real-time measurements of various parameters of the 
culture using various sensors and data acquisition with a microcontroller was successfully 
implemented. The PI control algorithm running on the same microcontroller was also 
successfully tested and implemented.    
System design was given the utmost attention and detail during the project keeping in view the 
cost-effectiveness and scalability. The relay used with the pond heater can be connected to a 
heater having at least six times higher power. Having tested for one microalgae species, the 
designed system can now be used for any other species and with little modification, other 
parameters can also be controlled using the same system. In terms of software, the LabVIEW 
application user interface is made simple for the users to interact with various parameters such 
as the start time for temperature control, end time and set point depending on the species 
optimal growth conditions. 
Data-logging of the measurements from the culture was significant in order to analyse the 
trends of various parameters. It helps to visualize the conditions such as temperature and pH 
etc. of the culture at any time of the day. 
Investigation of growth in the experiment and control ponds have revealed that there is an 
increased biomass growth and productivity in the experiment pond as compared to the control 
pond. It should be noted here that the experiments have been conducted for about one and a 
half month and more harvests are recommended by the experts of the microalgae field to fully 
realize the potential of such a system. The last harvest showed little difference between 
experimental and control ponds as the environmental temperature due to approaching summer 
contributes to the growth of the control pond. Therefore, based on the statistical results, more 
growth is expected to be observed in the experimental pond during the months of winter when 
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Program running on Field devices (Ameba RTL8195A) 
Following is the program running on the field device 1.  This program mainly acquires the 
measurements from each of the sensors discussed in the report, transmits the measurements in 
the required format and receives temperature set point for control action (PI). The program 
running on field device 2 is similar except that it is not sent any set point, and hence, no control 
action is performed. 
The program can be tailored with a slight modification to any other field device associated with 
a different pond. 
/******************************************************** 












Adafruit_TSL2591 tsl = Adafruit_TSL2591(2591); // pass in a number for the 
sensor identifier (for your use later) 
char ssid [] = "ESPAP”; //The network SSID (name) 
char password [] = "mPass@54321";  //Set the AP's password 
unsigned int localPort = 2392;        // local port to listen on 
char remoteIp[] = "192.168.4.1";      //IP address of computer end - the AP 
is always this by default 
int remoteUDPPort =2390;            //Port number on computer end 
#define RelayPin 8 
//Creating a thermocouple instance with software SPI on any 3 digital IO 
pins. 
#define MAXDO   3 
#define MAXCS   4 
#define MAXCLK  5 
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#define ARRAYSIZE 255                 //size of message array (255bytes) 
// Addresses for D.O., pH and E.C. sensors 
#define DEV_ID 0x61   //DO 
#define DEV_ID2 0x63    //pH                   
#define DEV_ID3 0x64  //EC 
// Global variables 
int arraySize = ARRAYSIZE; 
char inData[ARRAYSIZE]; // Allocate some space for the string 
char inChar; // Where to store the character read 
byte aindex = 0; // Index into array; where to store the character 
boolean dataToSend = false; 
WiFiUDP Udp; 
char msg [] = "Please input Setpoint"; 
char ident[] ="A01"; 
Adafruit_MAX31855 thermocouple(MAXCLK, MAXCS, MAXDO); 
double lastDelayedLoop = 0; 
double lastReset = 0; 
double c; 
// Vriables for dissolved oxygen 
char computerdata[20]; 
byte received_from_computer = 0; 
byte code = 0; 
char DO_data[20]; 
byte in_char = 0; 






// Vriables for Electrical Conductivity 
char computerdata_EC[40]; 
byte received_from_computer_EC = 0; 
bool serial_event = false; 




byte in_char_EC = 0; 
byte i = 0; 









// Variables for pH 
char pH_data[20]; 
int time_pH = 900; 








const unsigned long DelayPeriod = 1000;  //delay period 
const unsigned long ResetPeriod = 7200000;  //delay period 
unsigned long startMillis; 
unsigned long currentMillis; 
//Define PI Variables 
double Setpoint, Input, Output, error; 
double Kp = 300, Ki = 10, Kd = 0; 
#define PIDSampleRate 100  //default is 100 miliseconds 
PID myPID(&Input, &Output, &Setpoint, Kp, Ki, Kd, DIRECT); 
int WindowSize = 3000; 
unsigned long windowStartTime; 
void setup() 
{ 
  Wire.begin(); 
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  Serial.begin(115200); 
  WiFi.begin(ssid,password); 
  while (WiFi.status() != WL_CONNECTED)     //while it is not connected we 
do nothing 
  { 
    WiFi.begin(ssid,password); 
    delay(100); 
  } 
  Udp.begin(localPort); 
  // Serial.println("MAX31855 test"); 
  // wait for MAX chip to stabilize 
  delay(500); 
  pinMode(RelayPin, OUTPUT); 
  windowStartTime = millis(); 
// PID to range between 0 and the full window size 
  myPID.SetSampleTime(PIDSampleRate); //default is 100 miliseconds 
  myPID.SetOutputLimits(0, WindowSize); 
  //Turn the PID on 
  myPID.SetMode(AUTOMATIC); 
  startMillis = millis();  //initial start time 
  tsl.setGain(TSL2591_GAIN_LOW);    // 1x gain (bright light) 
  tsl.setTiming(TSL2591_INTEGRATIONTIME_400MS); 
} 
void loop() { 
   while (WiFi.status() != WL_CONNECTED)     //while it is not connected we 
do nothing 
  { 
    WiFi.begin(ssid,password); 
    delay(100); 
  } 
  if (millis() - lastDelayedLoop > DelayPeriod) //ie more than 5seconds 
since the last time there was the interactive pattern. 
  { 
    DelayedLoop(); 
    lastDelayedLoop = millis(); 
  } 
 int packetSize = Udp.parsePacket(); 
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  if (packetSize) { 
    int len = Udp.read(packetBuffer,255); // 
    Serial.print("Setpoint is = "); 
    Serial.println(packetBuffer); 
    Setpoint = atof(packetBuffer); 
     Serial.println(Setpoint); 
  } 
    if (millis() - lastReset > ResetPeriod && Setpoint==00) //ie more than 
5seconds since the last time there was the interactive pattern. 
  { 
    PowerManagement.softReset(); 
    lastReset = millis(); 
    while (WiFi.status() != WL_CONNECTED)     //while it is connected we do 
nothing 
  { 
    WiFi.begin(ssid,password); 
    delay(100); 
  } 
  } 
    ContinuousLoop (); 
} 
void ContinuousLoop(){ 
   while (WiFi.status() != WL_CONNECTED)     //while it is connected we do 
nothing 
  { 
    WiFi.begin(ssid,password); 
    delay (100); 
  } 
  c = thermocouple. readCelsius (); 
  static unsigned long timerDelay; 
  if ((millis() - timerDelay) >= (PIDSampleRate - 2)) {// lets get the 
temperature 2 miliseconds prior to the next PID calculation 
    timerDelay = millis(); // 
    if (isnan(c)) { 
      Serial.println("Something wrong with thermocouple!"); 
    } else { 
      Input = c; 
    } 
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      } 
  if (myPID.Compute()) { // Compute returns true when it actually does the 
calculation 
    timerDelay = millis(); // adjust the timer to match Compute delay timer 
    /************************************************ 
       Turn the output pin on/off based on PID output 
     ************************************************/ 
    unsigned long now = millis (); 
    if (now - windowStartTime > WindowSize) 
    { //time to shift the Relay Window 
      windowStartTime += WindowSize; 
    } 
    if (Output > now - windowStartTime) { 
      digitalWrite(RelayPin, HIGH); 
    } 
    else digitalWrite(RelayPin, LOW); 
    error = Setpoint - Input; 
  } 
  String str7; 
  str7 = String (Input); 




     while (WiFi.status() != WL_CONNECTED)     //while it is connected we 
do nothing 
  { 
    WiFi.begin(ssid,password); 
    delay(100); 
  } 
  //Measurement to char array for light 
  uint16_t x = tsl.getLuminosity(TSL2591_FULLSPECTRUM); 
  String str; 
  str = String(x); 
  str.toCharArray(l, 10); 
  int sensorValue = analogRead(A0);// read the input on analog pin 0: 
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  float voltage = sensorValue * (5.0 / 1024.0); // Convert the analog 
reading (which goes from 0 - 1023) to a voltage (0 - 5V): 
  String str9; 
  str9 = String(voltage); 
  str9.toCharArray(v, 10); 
  // DISSOLVED OXYGEN 
  Wire.beginTransmission(DEV_ID); 
  Wire.write(0x52); 
  //delay (600); 
  Wire.requestFrom(DEV_ID, 20, 1); 
  code = Wire.read(); 
  switch (code) { 
    case 1: 
      //  Serial.println("Success"); 
      break; 
    case 2: 
      Serial.println("Failed"); 
      break; 
    case 254: 
      Serial.println("Pending"); 
      break; 
    case 255:                      //decimal 255. 
      Serial.println("No Data");   //means there is no further data to 
send. 
      break;                       //exits the switch case. 
  } 
  while (Wire.available()) {  
    in_char = Wire.read();         //receive a byte. 
    DO_data[i] = in_char;          //load this byte into our array. 
    i += 1;                        //incur the counter for the array 
element. 
    if (in_char == 0) {            //if we see that we have been sent a 
null command. 
      i = 0;                       //reset the counter i to 0. 
      Wire.endTransmission();      //end the I2C data transmission. 
      break;                       //exit the while loop. 
    } 
  } 
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  if (isDigit(DO_data[0])) { 
    string_pars(); 
  } 
  else { 
    Serial.println(DO_data); 
    for (i = 0; i < 20; i++) { 
      DO_data[i] = 0; 
    } 
  } 
  Wire.endTransmission(); 
  // Number to char array for Dissolved Oxygen 
  String str2; 
  str2 = String(DO_data); 
  str2.toCharArray(d, 20); 
  // ELECTRICAL CONDUCTIVITY 
  Wire.beginTransmission(DEV_ID3); 
  Wire.write(0x52); 
  //delay (600); 
  currentMillis = millis();  //get the current time 
  Wire.requestFrom(DEV_ID3, 40, 1);  
  code = Wire.read();               //the first byte is the response code, 
we read this separately. 
  switch (code) {                   //switch case based on what the 
response code is. 
    case 1:                         //decimal 1. 
      //Serial.println("Success");    //means the command was successful. 
      break;                        //exits the switch case. 
 
    case 2:                         //decimal 2. 
      Serial.println("Failed");     //means the command has failed. 
      break;                        //exits the switch case. 
 
    case 254:                      //decimal 254. 
      Serial.println("Pending");   //means the command has not yet been 
finished calculating. 




    case 255:                      //decimal 255. 
      Serial.println("No Data");   //means there is no further data to 
send. 
      break;                       //exits the switch case. 
  } 
  while (Wire.available()) {         //are there bytes to receive. 
    in_char = Wire.read();           //receive a byte. 
    ec_data[i] = in_char;            //load this byte into our array. 
    i += 1;                          //incur the counter for the array 
element. 
    if (in_char == 0) {              //if we see that we have been sent a 
null command. 
      i = 0;                         //reset the counter i to 0. 
      Wire.endTransmission();        //end the I2C data transmission. 
      break;                         //exit the while loop. 
    } 
  } 
  Wire.endTransmission(); 
  // Number to char array for E.C. 
  String str3; 
  str3 = String(ec_data); 
  str3.toCharArray(e, 20); 
  //pH 
  Wire.beginTransmission(DEV_ID2); 
  Wire.write(0x52); 
  //delay (600); 
  startMillis = currentMillis; 
  Wire.requestFrom(DEV_ID2, 20, 1); //call the circuit and request 20 bytes 
(this may be more than we need) 
  code = Wire.read();               //the first byte is the response code, 
we read this separately. 
  switch (code) {                   //switch case based on what the 
response code is. 
    case 1:                         //decimal 1. 
      // Serial.println("Success");    //means the command was successful. 
      break;                        //exits the switch case. 
 
    case 2:                         //decimal 2. 
      Serial.println("Failed");     //means the command has failed. 
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      break;                        //exits the switch case. 
 
    case 254:                      //decimal 254. 
      Serial.println("Pending"); //means the command has not yet been 
finished calculating. 
      break; //exits the switch case. 
    case 255:                      //decimal 255. 
      Serial.println("No Data");   //means there is no further data to 
send. 
      break; //exits the switch case. 
  } 
  while (Wire.available()) {         //are there bytes to receive. 
    in_char = Wire.read();           //receive a byte. 
    pH_data[i] = in_char;            //load this byte into our array. 
    i += 1;                          //incur the counter for the array 
element. 
    if (in_char == 0) {              //if we see that we have been sent a 
null command. 
      i = 0;                         //reset the counter i to 0. 
      Wire.endTransmission();        //end the I2C data transmission. 
      break;                         //exit the while loop. 
    } 
  } 
  Wire.endTransmission(); 
  // Number to char array for pH 
  String str4; 
  str4 = String(pH_data); 
  str4.toCharArray(p, 20); 
  //converting error to char array 
  char err[10]; 
  String str8; 
  str8 = String(error); 
  str8.toCharArray(err, 10); 
  // sending all 
  char myConcatenation[150]; 
  sprintf(myConcatenation, "%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s",ident, t, l, d, 
e, p, v, err); 
  Udp.beginPacket(remoteIp, remoteUDPPort); 
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  Udp.write(myConcatenation); 
  Udp.endPacket(); 
  Serial.println(myConcatenation); 
} 
void string_pars() { 
  byte flag = 0; 
  byte i = 0; 
  for (i = 0; i < 20; i++) { 
    if (DO_data[i] == ',') { 
      flag = 1; 
    } 
  } 
  if (flag != 1) {                    //if we see the there WAS NOT a ‘,’ 
in the string array 
    // Serial.print("DO:");              //print the identifier 
    // Serial.println(DO_data);          //print the reading 
  } 
  if (flag == 1) {                    //if we see the there was a ‘,’ in 
the string array 
    DO = strtok(DO_data, ",");        //let's pars the string at each comma 
    sat = strtok(NULL, ",");          //let's pars the string at each comma 
    Serial.print("DO:");              //print the identifier 
    Serial.println(DO);               //print the reading 
    Serial.print("Sat:");             //print the identifier 
    Serial.println(sat);              //print the reading 
    flag = 0;                         //reset the flag 







Program running on Access point (ESP8266) 
The access point (AP) for field devices is provided by an ESP8266 module. The AP is password 
protected so that only allowed devices are able to connect and transmit information. It receives 
and displays the measurements sent from the field devices. The set point for temperature is also 
sent from this module to the field device. The code running on the ESP8266 module is given 
below. 
/******************************************************** 





//These are the variables you can change for your project. For example, 
change the SSID (network ID), change the ports on both machines. 
char ssid [] = "ESPAP”; // The network SSID (name) 
char password [] = "mPass@54321”; //Set the AP's password 
unsigned int localPort = 2390; // local port to listen on 
#define LOOP_DELAY    10             //how fast we check for new data 
#define ARRAYSIZE     255             //size of message array (255bytes) 
#define BAUD_RATE     115200          //serial communication speed 
// Network paramters 
IPAddress ip(192, 168, 4, 1); 
IPAddress gateway(192, 168, 4, 1); 
IPAddress subnet(255, 255, 255, 0); 
IPAddress remoteIp; 
int remoteUDPPort; 
char packetBuffer[ARRAYSIZE]; //buffer to hold incoming packet 
int arraySize = ARRAYSIZE; 
char inData[ARRAYSIZE]; // Allocate some space for the string 
char inChar; // Where to store the character read 
byte aindex = 0; // Index into array; where to store the character 
boolean dataToSend = false; 
double lastReset=0; 




void setup () 
{ 
  Serial.begin(BAUD_RATE); 
  /* You can remove the password parameter if you want the AP to be open. 
*/ 
    WiFi.softAP(ssid, password); //Start the AP 
  // IPAddress myIP = WiFi.softAPIP(); To ge device’s IP address. It is 
usually 192.168.4.1 
  Udp.begin(localPort); 
  WiFi.setSleepMode(WIFI_NONE_SLEEP); 
} 
void loop () { 
 while (Serial.available() > 0) //check for something to read from serial 
port 
  { 
      if(aindex < (arraySize-1)) // One less than the size of the array 
      { 
          inChar = Serial.read(); // Read a character 
          inData[aindex] = inChar; // Store it 
          aindex++;                 // Increment where to write next 
          inData[aindex] = '\0';    // Null terminate the string 
      } 
      dataToSend = true; 
       } 
  //check for incoming data via UDP 
  int packetSize = Udp.parsePacket(); 
  if (packetSize) 
  { 
    remoteIp = Udp.remoteIP(); 
    remoteUDPPort = Udp.remotePort(); 
    int len = Udp.read(packetBuffer, 255); //read in the packet 
    if (len > 0) 
    { 
      packetBuffer[len] = 0; 
    } 
     Serial.println(packetBuffer); 
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  } 
    // send UDP Data - this sends data to the last device it receives data 
from. For a one to one link this is fine. If there are multiple clients 
then this may need to be adjusted to store and send to all clients. 
  if(dataToSend) 
  { 
    if(Udp.beginPacket(remoteIp, remoteUDPPort)) 
    { 
      Udp.write(inData); 
      Udp.endPacket(); 
      Serial.println(inData); //Uncomment this line for a local echo of the 
data sent 
      } 
    else 
    { 
      Serial.println("No connection"); 
    } 
    dataToSend = false; //set the flag to false, ie only send when you need 
to. 
    for (aindex=0; aindex < arraySize; aindex++)  //wipe the array 
    { 
       inData[aindex] = '\0'; // Null terminate the string 
    } 
    aindex = 0; //reset the index 
     } 
  delay(500); 
 } 
